Patients with acute kidney injury (AKI) frequently suffer from extra-renal complications including hepatic dysfunction and systemic inflammation. We aimed to determine the mechanisms of AKI-induced hepatic dysfunction and systemic inflammation. Mice subjected to AKI (renal ischemia reperfusion (IR) or nephrectomy) rapidly developed acute hepatic dysfunction and suffered significantly worse hepatic IR injury. After AKI, rapid peri-portal hepatocyte necrosis, vacuolization, neutrophil infiltration and pro-inflammatory mRNA upregulation were observed suggesting an intestinal source of hepatic injury. Small intestine histology after AKI showed profound villous lacteal capillary endothelial apoptosis, disruption of vascular permeability and epithelial necrosis. After ischemic or non-ischemic AKI, plasma TNF-a, IL-17A and IL-6 increased significantly. Small intestine appears to be the source of IL-17A, as IL-17A levels were higher in the portal circulation and small intestine compared with the levels measured from the systemic circulation and liver. Wild-type mice treated with neutralizing antibodies against TNF-a, IL-17A or IL-6 or mice deficient in TNF-a, IL-17A, IL-17A receptor or IL-6 were protected against hepatic and small intestine injury because of ischemic or non-ischemic AKI. For the first time, we implicate the increased release of IL-17A from small intestine together with induction of TNF-a and IL-6 as a cause of small intestine and liver injury after ischemic or non-ischemic AKI. Modulation of the inflammatory response and cytokine release in the small intestine after AKI may have important therapeutic implications in reducing complications arising from AKI. KEYWORDS: acute kidney injury; apoptosis; inflammation; multi-organ dysfunction; necrosis Acute kidney injury (AKI) is a major clinical problem. 1 However, the morbidity and mortality from AKI is very high and remains virtually unchanged for the past 50 years in part because of a high incidence of extra-renal complications.
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However, the morbidity and mortality from AKI is very high and remains virtually unchanged for the past 50 years in part because of a high incidence of extra-renal complications. 1, 2 In particular, hepatic dysfunction is very frequent in patients suffering from AKI. Furthermore, development of liver injury in patients with AKI frequently leads to other extra-renal complications including intestinal barrier disruption, respiratory failure and the systemic inflammatory response syndrome with the eventual development of sepsis and a multi-organ failure. [3] [4] [5] These extra-renal systemic complications secondary to AKI are the leading causes of mortality in the intensive care unit. 6 Indeed, clinical studies show that patients with isolated AKI have significantly better prognosis than patients with AKI plus extra-renal organ dysfunction. 7 In this study, we aimed to determine the mechanisms of ischemic or non-ischemic AKI-induced hepatic dysfunction.
Inflammation has a major function in the progression of AKI, and recent studies have shown that innate immunity contributes to the pathogenesis of renal injury. 8, 9 Pro-inflammatory cytokines including TNF-a and IL-6 generated by injured renal tubule cells or from extra-renal cells (eg T-lymphocytes) have been implicated as the major contributors of renal ischemia reperfusion (IR) injury. [10] [11] [12] Indeed, increased circulating pro-inflammatory cytokine levels were detected in mice and human beings with AKI. 13 Taking these previous observations together, we tested the hypothesis that induction of AKI results in increased circulating pro-inflammatory cytokines (TNF-a and IL-6) and that these cytokines directly cause hepatic dysfunction. We used murine models of ischemic (renal IR injury) or non-ischemic (nephrectomy) AKI and examined (1) the effects of ischemic or non-ischemic AKI on liver structure and function, (2) whether circulating pro-inflammatory cytokines TNF-a and/or IL-6 increased after AKI and (3) whether the increased TNF-a and/or IL-6 directly contribute to hepatic injury after AKI using neutralizing antibodies and mice deficient for TNF-a or IL-6. We showed rapid hepatic injury, inflammation with increased systemic TNF-a as well as IL-6 after AKI. In particular, we observed striking hepatocyte vacuolization, necrosis and neutrophil infiltration concentrated near the portal venous drainage. Therefore, we also examined for small intestine injury, inflammatory changes and cytokine generation after ischemic or non-ischemic AKI. Our findings show that AKI rapidly results in intestinal generation of IL-17A leading to production of IL-6 and TNF-a to initiate a systemicinflammatory response and acute hepatic dysfunction.
MATERIALS AND METHODS
Detailed methods (surgery and anesthesia protocols, immunohistochemistry, vascular permeability assays, DNA laddering assay, terminal deoxynucleotidyl transferase biotin-dUTP nick end-labeling (TUNEL) staining, RNA isolation and PCR) are available as Supplementary Methods.
Mice
All mice strains were bred or purchased on a C57BL/6 background. Male C57BL/6 mice (20-25 g) were obtained from Harlan, Indianapolis, IN, USA. IL-17A-deficient mice (IL-17AÀ/À) were obtained as a gift from Yoichiro Iwakura (University of Tokyo, Tokyo, Japan) and IL-17A receptordeficient mice (IL-17RÀ/À) were generously provided by Amgen (Cambridge, MA, USA) through Taconic Farms (Hudson, NY, USA). 14 In addition, C57BL/6J (TNF-a þ / þ and IL-6 þ / þ ), TNF-a gene-deficient (TNF-aÀ/À) male mice (strain B6.129S-Tnf tm1Gkl /J; stock no. 005540) and IL-6 gene-deficient (IL-6À/À) male mice (B6.129S2-Il6 tm1Kopf /J; stock no. 002650) were purchased from the Jackson Laboratory (Bar Harbor, ME).
Murine Model of Ischemic or Non-ischemic AKI and
Hepatic IR All protocols were approved by the Institutional Animal Care and Use Committee of Columbia University. Male mice under pentobarbital anesthesia were subjected to shamkidney manipulations, ischemic AKI (20 or 30 min renal ischemia) or non-ischemic AKI (unilateral or bilateral nephrectomy) as described. 15, 16 Separate cohorts of mice were subjected to sham operation or 45 min liver IR injury as described previously 17 (Supplementary Methods). During hepatic ischemia, we performed sham-kidney manipulations, 20 min renal ischemia, unilateral nephrectomy or bilateral nephrectomy. Five hours after reperfusion, the liver and small intestine tissues were collected to examine tissue injury, proinflammatory cytokine mRNA expression (with RT-PCR), leukocyte infiltration (with immunohistochemistry for neutrophils, T-lymphocytes or macrophages), vascular permeability (Evans blue dye (EBD) extravasation) and apoptosis (with terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling staining and DNA laddering). We also collected portal venous and systemic plasma as well as the liver and small intestine tissues for the measurement of alanine aminotransferase (ALT), bilirubin, creatinine and cytokine levels (TNF-a, IL-6 and IL-17A) at 5 and 24 h after reperfusion. Our previous studies showed that plasma levels of cytokines, creatinine, neutrophil infiltration and ALT peaked between 5 and 24 h after reperfusion. [16] [17] [18] Plasma ALT Activity, Bilirubin and Creatinine Level The plasma ALT activities were measured using the Infinity TM ALT assay kit according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA). The plasma bilirubin levels were measured by the QuantiChrom TM Bilirubin Assay kit according to the manufacturer's instructions (BioAssay Systems, Hayward, CA, USA). Plasma creatinine was measured by an enzymatic creatinine reagent kit according to the manufacturer's instructions (Thermo Fisher Scientific). This method of creatinine measurement largely eliminates the interferences from mouse plasma chromagens well known to the Jaffe method. 19 Histological Analysis of Hepatic and Intestine Injury For histological preparations, tissues from liver and small intestine (jejunum and ileum) were washed in ice-cold PBS and fixed overnight in 10% formalin. After automated dehydration through a graded alcohol series, tissues were embedded in paraffin, sectioned at 4 mM and stained with hematoxylin-eosin (H&E). Liver H&E sections were evaluated blindly by a pathologist (VDD'A). Intestine H&E sections were also blindly evaluated (by VDD'A) for intestinal epithelial cell necrosis, development of a necrotic pannus over the mucosal surface, villous endothelial cell apoptosis and swelling and blunting of villi because of villous mononuclear cell mucosal inflammation and edema.
Intestinal Permeability
Intestinal permeability was assessed by enteral administration of FITC-dextran 4000 (200 mg/kg) 5 min before induction of AKI as described. 20 Enzyme-Linked Immunosorbent Assay for Plasma TNF-a, IL-6 or IL-17A After 5 and 24 h induction of AKI, plasma, liver and small intestine TNF-a, IL-6 and IL-17A levels were measured with mouse-specific ELISA kits according to the manufacturer's instructions (eBiosciences, San Diego, CA, USA). Liver and intestine tissues were homogenized in ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA and 1% Triton-X [pH 7.4]) and samples processed for mouse-specific ELISA kits.
Critical Functions for TNF-a, IL-6 and IL-17A in Generating Liver and Intestine Injury After Ischemic or Non-ischemic AKI To test the hypothesis that TNF-a, IL-6 and/or IL-17A have important functions in inducing liver and intestine injury after ischemic or non-ischemic AKI, we used complementary approaches using neutralizing antibodies specific for TNF-a, IL-6 and IL-17A (eBiosciences) and TNF-a, IL-6, IL-17A and IL-17A receptor (IL-17R)-deficient mice (sources described above). For the neutralizing antibody studies, C57BL/6 mice were injected with 0.1 mg of TNF-a, IL-6 or IL-17A antibody i.v. immediately after induction of ischemic or non-ischemic AKI. TNF-aÀ/À, IL-6À/À, IL-17AÀ/À or IL-17RÀ/À mice were subjected to ischemic or non-ischemic AKI as described above. A separate cohort of mice were treated with a combination of recombinant mouse TNF-a (2 mg/mouse), IL-6
(1 mg/mouse) plus IL-17A (1 mg/mouse) in lieu of AKI induction to determine whether these cytokine injections alone can result in hepatic injury.
Assessment of Liver and Intestine Inflammation
Liver and intestine inflammation was determined by detection of neutrophil, (7/4), T-lymphocyte (CD-3) and macrophage (F4/80) infiltration by immunohistochemistry 5 or 24 h after ischemic and non-ischemia AKI as described previously 17 and by measuring mRNA encoding markers of inflammation, including intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractive protein-1 (MCP-1), macrophage-inflammatory protein-2 (MIP-2) and TNF-a, IL-6, IL-17A and keratinocyte-derived cytokine (KC), 5 h after ischemic or non-ischemic AKI as described 17 (Table 1 ) (Supplementary Methods). 
Detection of Liver and Intestine Apoptosis
We used two independent assays to assess the degree of liver and intestine apoptosis 5 h after sham surgery or AKI: in situ TUNEL assay and the detection of DNA laddering 18, 22 (Supplementary Methods). For DNA laddering, liver and small intestine tissues were removed, apoptotic DNA fragments were extracted according to the methods of Herrmann et al. 23 This method of DNA extraction selectively isolates apoptotic, fragmented DNA and leaves behind the intact chromatin.
Statistical Analysis
The data were analyzed with t-test when means between two groups were compared or with one-way (eg plasma creatinine or ALT) ANOVA plus Tukey post hoc multiple comparison test to compare mean values across multiple treatment groups. In all cases, Po0.05 was taken to indicate significance. All data are expressed as mean ± s.e.m.
Reagents and Protein Determination
Recombinant mice TNF-a, IL-6 and IL-17A were obtained from eBiosciences. Unless otherwise specified, all chemicals were obtained from Sigma (St Louis, MO, USA). Protein contents were determined with a bicinchoninic acid protein assay kit (Pierce Chemical, Rockford, IL, USA), using bovine serum albumin as a standard. . However, mice developed acute hepatic dysfunction at 5 h after ischemic or non-ischemic AKI injury with significantly higher plasma ALT levels (Figure 1b ; Po0.05 compared with shamoperated mice). In mice subjected to 30 min renal IR, the plasma ALT continued to increase, whereas in other groups, the ALT levels peaked at 5 h and then declined ( Figure 1b) . We also measured plasma bilirubin levels as a marker of hepatic dysfunction. As shown in Figure 1c , we detected significant rises in plasma bilirubin 5 and 24 h after bilateral nephrectomy or 30 min renal IR. Cytokines cause extra-renal injury after AKI SW Park et al Acute Hepatic Injury with Increased Hepatic Necrosis and Vacuolization After Ischemic or Non-ischemic AKI Liver histology was also assessed by H&E staining of liver sections. As shown in Figure 2a , sham-operated mice had normal liver histology. Five hours after 30 min renal IR, nuclear and cytoplasmic degenerative changes, cellular vacuolization, leukocyte infiltration and congestion were observed (Figures 2b and c) . Similar hepatic injury was observed 5 h after 20 min renal IR, unilateral or bilateral nephrectomy (data not shown). The severity of tissue injury was increased at 24 h after 30 min renal IR (as reflected in plasma ALT) as manifested by the extent of cellular degenerative changes including individual hepatocyte necrosis and focal apoptotic, pyknotic nuclei. Some degree of centrilobular necrosis was observed in this group. At 24 h after bilateral nephrectomy, the severity of injury was milder relative to 5 h, although areas of congestion could be detected. Vascular congestion and leukocyte (mainly neutrophil) infiltration were also detected after bilateral nephrectomy or 30 min renal IR.
RESULTS
Increased Hepatic Inflammation, Apoptosis and Vascular Permeability After Ischemic or Non-ischemic AKI Hepatic as well as intestinal inflammation, apoptosis and vascular permeability were assessed at 5 h after ischemic or non-ischemic AKI, as plasma ALT and bilirubin levels were significantly elevated at this time point. With RT-PCR, we measured the expression of pro-inflammatory cytokine mRNAs in the liver 5 h after 30 min renal IR or bilateral nephrectomy ( Figure 3a) . We show significant upregulation of all of the pro-inflammatory mRNAs examined (ICAM-1, TNF-a, IL-6, IL-17A, KC, MCP-1 and MIP-2) in the liver 5 h after 30 min renal IR or bilateral nephrectomy. We also show significantly increased PMN infiltration (dark brown stain, especially near the portal venous drainage) in mice subjected to 30 min renal IR or bilateral nephrectomy (Figure 3b ). In sham-operated mice, we were unable to detect any neutrophils in liver. Five hours after unilateral (13±3 neutrophils/ field, Â 200 magnification, N ¼ 5) or bilateral (24±4 neutrophils/field, Â 200 magnification, N ¼ 5) nephrectomy, increased neutrophil infiltration occurred. Similarly, we observed increased neutrophil infiltration into the liver 5 h after 20 min (23 ± 6 neutrophils/field, Â 200 magnification, N ¼ 5) or 30 min (28 ± 6 neutrophils/field, Â 200 magnification, N ¼ 5) renal IR. In contrast, we failed to observe increased T-lymphocyte (CD3) or macrophage (F4/80) infiltration after ischemic or nonischemic AKI compared with sham-operated animals (data not shown).
We also observed increased number of apoptotic nuclei in the liver of mice subjected to 30 min renal IR (TUNEL-positive cells; Supplementary Figure 1 ) or bilateral nephrectomy (data not shown). TUNEL-positive cells were heavily localized to the peri-portal area. DNA laddering experiments confirmed increased apoptosis in the liver after 30 min renal IR or bilateral nephrectomy (Supplementary Figure 2) . We also measured liver vascular permeability after 30 min renal IR or bilateral nephrectomy with EBD injection. EBD binds to plasma proteins and its appearance in extravascular tissues reflects an increase in vascular permeability. Analysis showing increased EBD extravasations in livers of mice subjected to ischemic (30 min renal IR) or non-ischemic (bilateral nephrectomy) AKI is shown in Figure 4 .
Ischemic or Non-ischemic AKI Exacerbates Hepatic IR Injury
We also induced liver IR injury in mice subjected to sham operation, unilateral or bilateral nephrectomy or 20 min renal IR injury. We determined that mice subjected to hepatic IR together with ischemic (20 min renal IR) or non-ischemic (unilateral or bilateral nephrectomy) AKI developed significantly exacerbated hepatic injury with significant higher plasma ALT at 24 h after liver IR (Figure 5a ). Exacerbation of hepatic injury (20 min renal IR) or non-ischemic (bilateral nephrectomy) AKI was associated with the increased hepatic necrosis (Figure 5b ), apoptosis ( Figure 5c ) and inflammation ( Figure 5d ) compared with mice subjected to hepatic IR alone.
Increased Small Intestine Villous Capillary Endothelial Apoptosis, Necrosis and Inflammation After Ischemic or Non-ischemic AKI Small intestine histology was also assessed 5 h after bilateral nephrectomy in H&E stained sections, which showed profound villous endothelial cell apoptosis (right panel, Figure 6a and magnified insert), individual epithelial cell necrosis of villous lining cells and the development of a necrotic epithelial pannus over the mucosal surface (middle panel of Figure 6a ). We also observed congestion of villous capillaries and swelling and blunting of villi because of villous mononuclear cell mucosal inflammation and edema. Histological changes were qualitatively similar, but inflammatory changes were more severe in the ileum than the jejunum (Supplementary Cytokines cause extra-renal injury after AKI SW Park et al the intestines from sham-operated mice; however, infiltration was easily visible in the small intestines from mice subjected to ischemic (30 min renal IR) or non-ischemic (bilateral nephrectomy) AKI.
When the small intestines isolated from mice subjected to 30 min renal IR or bilateral nephrectomy were examined for apoptosis, we observed significantly increased number of apoptotic nuclei (TUNEL-positive cells; Figure 6f ). TUNEL- Figure 5) . DNA laddering experiments confirmed increased apoptosis in the small intestine after ischemic (30 min renal IR) or nonischemic (bilateral nephrectomy) AKI (Supplementary Figure 6) . We also show increased small intestine vascular permeability after ischemic and non-ischemic AKI with EBD injection. Analysis of EBD extravasations in sham-operated mice and mice subjected to 30 min renal IR or bilateral nephrectomy is shown in Figure 6g . Finally, mice subjected to bilateral nephrectomy (serum FITC dextran ¼ 7538±778 ng/ml, N ¼ 4, Po0.0001) or 30 min renal IR (serum FITC dextran ¼ 6213 ± 353 ng/ml, N ¼ 4, Po0.0001) showed severe disruption of intestinal permeability 5 h after AKI induction compared with sham-operated mice (serum FITC dextran ¼ 8.3 ± 6.0 ng/ml, N ¼ 4).
Increased TNF-a, IL-6 and IL-17A Levels After Ischemic or Non-ischemic AKI Using mouse-specific ELISA kits, we show that IL-17A, but not TNF-a and IL-6, is derived from the small intestine. We first measured systemic and portal venous plasma TNF-a, IL-17A and IL-6 levels after ischemic or non-ischemic AKI in mice. Table 1 shows that in mice subjected to ischemic (20 or 30 min renal IR) or non-ischemic (unilateral or bilateral nephrectomy) AKI, both systemic and portal venous cytokine Cytokines cause extra-renal injury after AKI SW Park et al levels increased over time compared with the sham-operated mice. However, the rise in portal venous levels of IL-17A was significantly greater than the levels detected in the systemic circulation at 5 h after bilateral nephrectomy or 30 min renal IR. In contrast, systemic levels of IL-6 were higher than the levels observed in the portal vein. In addition, we treated mice with specific neutralizing antibody for TNF-a, IL-17A or IL-6. Neutralizing antibody treatment not only selectively and specifically reduced the plasma levels of cytokine targeted, but also reduced other cytokine levels 24 h after bilateral nephrectomy or 20 min renal IR (Table 1) . We also measured hepatic and small intestine tissue TNF-a, IL-6 and IL-17A levels after ischemic or non-ischemic AKI in mice. Table 2 shows that the levels of all three cytokines increased after ischemic (30 min renal IR) or non-ischemic (bilateral nephrectomy) AKI induction. However, hepatic IL-6 and TNF-a levels were higher than the levels observed in the small intestine. Small intestine IL-17A levels on the other hand were greater than the levels determined from the liver ( Table 2) .
Critical Functions for TNF-a, IL-6 and IL-17A in Generating Hepatic and Intestine Injury After Ischemic or Non-ischemic AKI We determined whether the increased pro-inflammatory cytokines TNF-a, IL-17A and/or IL-6 have a critical function in hepatic and intestine injury after ischemic or non-ischemic AKI. Mice genetically deficient for TNF-a, IL-17A, IL-17R or IL-6 were significantly protected against hepatic (Table 3) and small intestine (Figure 7a ) injury after ischemic (30 min renal IR; data not shown) or non-ischemic AKI (bilateral nephrectomy; Figure 7b ). We complemented our knockout Figure 6 Continued.
Cytokines cause extra-renal injury after AKI SW Park et al mice studies by treating the wild-type mice with specific neutralizing antibody for TNF-a, IL-17A or IL-6. Each neutralizing antibody treatment was very effective in protecting against hepatic (Table 3 ) and small intestine injury after ischemic (30 min renal IR; Figure 7c ) or non-ischemic (bilateral nephrectomy; data not shown) AKI. Furthermore, TNF-a, IL-17A or IL-6 antibody treatment also significantly attenuated the exacerbation of hepatic injury because of ischemic (30 min renal IR) or non-ischemic (bilateral nephrectomy) AKI (Table 3) . Finally, mice injected with a combination of recombinant mouse TNF-a, IL-6 plus IL-17A in lieu of AKI induction developed acute hepatic (ALT ¼ 368 ± 67 U/L, N ¼ 5, Po0.001 vs sham) and intestine dysfunction (Figure 7d ).
DISCUSSION
The major new findings of this study are that mice subjected to moderate (20 min) or severe (30 min) renal IR injury or nephrectomy (unilateral or bilateral) not only suffered from acute liver dysfunction but also developed severe small intestinal injury. Liver injury after ischemic or non-ischemic AKI was characterized by focused peri-portal hepatocyte vacuolization, necrosis and apoptosis with inflammatory changes. Small intestinal injury after ischemic or nonischemic AKI was characterized by villous lacteal capillary endothelial apoptosis, epithelial necrosis and increased leukocyte (neutrophils, macrophages and lymphocytes) infiltration. Vascular permeability was severely impaired in both liver and small intestine. After ischemic or non-ischemic AKI, TNF-a, IL-17A and IL-6 levels in plasma, liver and small intestine increased significantly. Furthermore, mice deficient in TNF-a, IL-17A or IL-6 and wild-type mice treated with TNF-a, IL-17A or IL-6 neutralizing antibodies were protected against liver and intestinal injury after ischemic or nonischemic AKI, suggesting a critical function for these cytokines in causing liver and intestinal damage. Our data suggest that increased IL-17A after AKI originates in the small intestine with subsequent induction of IL-6 and TNF-a. AKI is a strong, independent predictor of mortality regardless of the degree or etiology of renal impairment. 1 Unfortunately, interventions to enhance kidney function or recovery in patients with AKI have been largely unsuccessful limiting treatment to supportive measures (eg hemodialysis). Initiation or exacerbation of remote organ injury in patients suffering from AKI contributes significantly to mortality and morbidity. 24 Previous studies have shown that significant pulmonary, cardiac and cerebral injury can occur after AKI. 6, 24, 25 Indeed, the prognosis of AKI is closely related to the severity of extra-renal complications that arise. 26, 27 Therefore, a better understanding of the mechanisms of remote organ injury because of AKI would lead to improved therapeutic approaches for patients suffering from AKI.
Our study shows that acute hepatic injury and dysfunction occur early after AKI (B5 h) with significant increases in plasma ALT levels in mice (Figure 1 ). Although hepatic injury in animals subjected to AKI has been previously shown by others, [28] [29] [30] [31] the mechanisms that initiate hepatic injury to AKI have not been clearly elucidated. Previous study in rats showed that after bilateral nephrectomy or renal IR, significant hepatic injury occurred early that was associated with increased TNF-a, oxidative stress with decreased antioxidant levels and hepatic apoptosis detected by caspase-3 activation. 28 Interestingly, unlike this study in mice in which hepatic apoptosis occurred after bilateral nephrectomy and renal IR, caspase-3 activation was not detected after renal IR in rats. We also show that significant inflammatory changes occur in the liver after ischemic or non-ischemic AKI with induction of all pro-inflammatory genes studied including TNF-a, IL-6 and IL-17A. Furthermore, we observed striking hepatic injury near the portal venous drainage areas with profound hepatocyte vacuolization, necrosis and apoptosis. However, the most novel finding of this study is the significant small intestinal injury after both ischemic and nonischemic AKI. The specific peri-portal localization of hepatic injury led us to hypothesize that the injury mediators originated in the small intestine. This is the first report to show Table 2 TNF-a, IL-6 and IL-17A levels in the liver and jejunum in mice subjected to sham operation, unilateral (UNx) or bilateral (BNx) nephrectomy or renal ischemia and reperfusion (RIR) Cytokines cause extra-renal injury after AKI SW Park et al Table 3 Systemic plasma alanine aminotransferase (ALT) and creatinine (Cr) levels in mice subjected to sham operation, bilateral nephrectomy (BNx) or 30 min renal ischemia reperfusion (RIR) Cytokines cause extra-renal injury after AKI SW Park et al small intestinal injury after AKI and to implicate the small intestine as the source of cytokines generated and released after ischemic or non-ischemic AKI. In addition, we propose that cytokines generated in the small intestine and draining into the liver cause hepatic and perhaps extra-renal organ injury.
We also determined that in addition to the increased vascular permeability in the liver, small intestine vascular permeability was also severely disrupted after AKI ( Figure  6g) . We examined the histology of the small intestine (jejunum and ileum) and identified villous endothelial capillary apoptosis, intestinal barrier disruption (leukocyte infiltration) and mucosal epithelial necrosis in the ileum and jejunum. Therefore, after ischemic and non-ischemic AKI, it appears that intestinal endothelial and epithelial apoptosis and necrosis occur rapidly with subsequent intestine barrier and vascular disruption. As the small intestinal dysfunction with barrier interruption has been implicated as the source of multi-organ dysfunction, cytokine generation and sepsis, 32 increased incidence of systemic inflammation and sepsis after AKI may be due to the injury to the small intestine. Interestingly, we observed greater increases in pro-inflammatory mRNA expression in the ileum compared with jejunum after bilateral nephrectomy. Perhaps, abundant concentrations of Peyer's patches containing a large numbers of proinflammatory lymphocytes in the ileum compared with jejunum may explain this difference. 33 Closer examination of cytokine generation revealed several intriguing findings. We show in this study that in mice subjected to ischemic or non-ischemic AKI, levels of IL-17A were higher in the portal vein than in the systemic circulation. Furthermore, tissue cytokines measured by ELISA in mice subjected to AKI showed greater increases in IL-17A levels in the small intestine, whereas TNF-a and IL-6 levels were greater in the liver. Taken together, we propose that the small intestinal generation of IL-17A leads to hepaticinflammatory changes including hepatic generation of TNF-a and IL-6 further potentiating hepatic injury and systemic-inflammatory responses. However, we acknowledge that our studies cannot rule out other potential sources of increased portal venous IL-17A including pancreas, spleen and visceral fat.
We show in this study that mice deficient in TNF-a, IL-17A or IL-6 or wild-type mice treated with TNF-a, IL-17A or IL-6 neutralizing antibodies were significantly protected against ischemic or non-ischemic AKI-induced hepatic and intestinal injury (Table 3 ). These findings suggest that the generation of cytokines after injury is not a redundant process, but rather individual cytokine (eg IL-17A) appears to propagate the generation of another cytokine (eg IL-6). Blockade of one cytokine was sufficient to attenuate hepatic and small intestinal injury and circulating levels of other cytokines after AKI. Furthermore, these findings have significant clinical implications as patients suffering from AKI may benefit from drugs already used to counteract chronicinflammatory diseases (eg monoclonal antibody for TNF-a to treat Crohn's disease or rheumatoid arthritis). 34 Of interest, after hepatic IR without AKI, cytokine neutralizing antibodies did not provide protection against liver injury at 5 h ( Table 3 ), suggesting that these cytokines do not have a major function in early hepatocyte injury after ischemia and reperfusion. At 24 h after IR, however, these antibodies Proposed mechanisms of acute kidney injury-induced liver dysfunction and systemic inflammation. Acute kidney injury causes small intestinal generation of IL-17A and subsequent intestinal injury (villous endothelial apoptosis, epithelial necrosis, increased pro-inflammatory cell translocation and cytokine flux to the liver). These events cause hepatic injury (inflammation, apoptosis and necrosis) with increased generation and release of TNF-a and IL-6 systemically causing further multi-organ injury and systemic inflammation.
protected against liver injury. We propose two possible explanations: (1) these cytokines promote hepatic injury at a later time (after 5 h) after hepatic IR (eg 24 h) or (2) these cytokines have a function in extra-hepatic injury after hepatic IR (eg intestinal injury) that occurs later and further promote hepatocyte necrosis.
The function of IL-17A in host immune defense and inflammation has been increasingly recognized recently. Six members of IL-17A ligands and receptors have been described (IL-17A to IL-17F). IL-17A was originally detected in a subset of T cells designated as Th17 cells distinct from Th1 or Th2 cells. 35, 36 However, other cell types are now known to produce IL-17A, including CD8 T cells, natural killer cells and neutrophils. 37 IL-17A has been found to be elevated in a variety of inflammatory conditions, such as rheumatoid arthritis, pneumonia, systemic lupus erythematosus, sepsis, allograft rejection and Crohn's disease. 35, 37 Therefore, it is not surprising that IL-17A acts on various cell types, including neutrophils, fibroblasts, epithelial cells and endothelial cells, inducing the expression of proinflammatory mediators such as IL-6, CXC chemokines and matrix metalloproteinases. 37 Furthermore, IL-17A induces expression of inflammatory genes, such as IL-8, and synergizes with TNF-a. 37 Interestingly, the intestinal lamina propria was shown to be a unique site for the presence of Th17 cells in healthy animals. 14 Atarashi et al 38 confirmed these findings and showed high amounts of Th17 cells in the intestinal lamina propria, but not in the spleen, mesenteric lymph nodes or Peyer's patches of a healthy mouse. Recently, Takahashi et al 39 showed that IL-17A produced by small intestinal Paneth cells drive TNF-a-induced inflammation and shock. The unique position of IL-17A as a regulator of both innate and acquired immunity makes this cytokine a crucial signal for the reinforcement and crosstalk of host defense systems.
In this study, we show that IL-6 and TNF-a are involved in further promoting hepatic and intestinal injury after AKI. TNF-a has been regarded as a 'master regulator' of the cytokine cascade that provides a rapid form of host defense against infection, but is fatal in excess. IL-17A and TNF-a appear to have a synergistic function in each other's production and function, and it has been shown that IL-17A can potentiate and synergize with TNF-a to upregulate the expression of target genes. 40 In addition, it has been proposed that functional cooperation between IL-17A and TNF-a occurs at the level of IL-6 transcriptional activity. 41, 42 IL-17A augments TNF-a-induced IL-6 and G-CSF and GM-CSF secretion in human colonic subepithelial myofibroblasts. 41, 43 IL-6 is another multi-functional cytokine known to be involved in the regulation of immunity and pro-inflammatory responses.
12,42,44 IL-6 is not only generated by T-and B-lymphocytes, but also by other cell types, including endothelial cells, renal tubule cells and hepatocytes.
12,44 IL-6 regulates the expression of adhesion molecules and other cytokines in endothelial cells, including IL-1b and TNF-a, which in turn potently enhance the inflammatory response, and also forms part of a positive feedback cycle in which TNF-a stimulates IL-6 production. 41, 45 This study illustrates the important effects of renal failure independent of renal ischemia with the use of the bilateral nephrectomy model, as the kidney itself may be a source of IL-17A, TNF-a or IL-6 after ischemic AKI. 46 Improved liver and intestinal protection in mice treated with neutralizing antibodies or mice deficient in TNF-a, IL-17A or IL-6 are independent of an effect on the kidney, as evidenced by bilateral nephrectomy. Moreover, the elevation in plasma TNF-a, IL-17A or IL-6 levels after bilateral nephrectomy indicates that the kidney is not the only source of these cytokines after AKI. As the kidney contributes to cytokine clearance, reduced renal cytokine elimination may contribute to increased plasma and tissue levels of TNF-a, IL-17A and IL-6. We observed continuous increases in plasma ALT and hepatic damage (histology) 24 h after renal IR in contrast to mice subjected to unilateral or bilateral nephrectomy ( Figure 1 ). It is possible that kidney subjected to IR may be a continuous source of pro-inflammatory cytokines that can maintain hepatic injury. In contrast, mice subjected to bilateral nephrectomy were able to recover from hepatic damage earlier.
In summary, we show in this study that both ischemic and non-ischemic renal injury initiate IL-17A generation in the small intestine resulting in small intestinal and liver inflammation, apoptosis and necrosis (Figure 8 ). We show crucial functions for TNF-a, IL-17A and IL-6 in generating these injuries. We provide evidence that small intestinederived IL-17A causes further cytokine generation to induce hepatic injury and systemic inflammation. Further studies are required to determine the specific cell type(s) responsible for intestinal IL-17A generation and to elucidate the initial stimulus for producing intestine injury after AKI.
